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1 	 | 	 INTRODUCTION
Human-	induced	 climate	 change	 is	 changing	 rainfall	
and	 the	 hydrological	 cycle	 (Trenberth,	 2011).	 The	 first	
rainfall–	runoff	 event	 following	 slurry	 application	 has	
the	 most	 impact	 in	 terms	 of	 exporting	 phosphorus	 (P)	
in	 runoff	 and	 so	 potentially	 degrades	 surface	 waters	
(Schroeder	 et	 al.,	 2004;	 Sharpley,	 1997;	 Watson	 et	 al.,	
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Minimizing	 slurry	 phosphorus	 (P)	 losses	 in	 runoff	 requires	 careful	 manage-
ment	 in	 the	context	of	both	soil	P	 surpluses	and	changing	patterns	 in	 rainfall.	






sward	 in	 Ireland.	 Increasing	 time	 to	 runoff	 resulted	 in	 a	 decrease	 in	 dissolved	
reactive	P	concentrations	from	5.0	to	1.0 mg	P	L−1	and	a	P	signal	 in	runoff	for	
18 days.	Beyond	18 days,	elevated	P	concentrations	were	observed	in	runoff	col-
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2007).	Climate-	smart	P	management	measures	are	needed	
to	better	prepare	for	the	changes	in	the	timing,	intensity	





Northern	 Ireland	 has	 poorly	 drained	 soils	 that	 are	
prone	 to	 runoff,	while	 the	 total	 land	application	of	 live-
stock	 slurries	 and	 manures	 exceeds	 P	 requirements	 by	





soil	 test	 P	 values	 in	 excess	 of	 the	 agronomic	 optimum	
for	 grass	 production,	 index	 2	 (>25  mg	 Olsen	 P	 L	 soil−1)	
(Higgins	 et	 al.,	 2020).	 In	 extensively	 managed	 grassland	





the	 dynamics	 of	 slurry	 P	 and	 surface	 runoff	 (SurPhos)	
showed	 that	 storm	 hydrology	 was	 the	 largest	 driver	 of	
slurry	P	loss	to	runoff	irrespective	of	when	the	first	rain-
storm	 runoff	 event	 occurred	 (Vadas	 et	 al.,	 2017).	 This	











2 	 | 	 METHODS AND MATERIALS
2.1	 |	 Experimental design
The	 experimental	 site	 was	 a	 permanent	 grassland	 field	
at	 Hillsborough,	 Northern	 Ireland	 (Irish	 grid	 reference:	
J244577),	 with	 slope	 of	 3.5°	 and	 a	 slightly	 gleyed	 sandy	
clay	loam	overlying	Silurian	shale	(O’Rourke	et	al.,	2010).	






with	 a	 total	 P	 content	 of	 1.3%	 and	 a	 control	 treatment	






from	 30  July	 to	 18	 September	 2007	 and	 was	 set	 up	 as	 a	

















good	 agricultural	 practice	 (Good	 Agricultural	 Practice	
for	 Protection	 of	 Waters	 (European	 Union),	 2017;	 The	








deionized	 in	 the	 field	 (DC9  general deionizing cylinder;	
Purite	Limited)	to	overcome	P	concentrations	in	tap	water	




off	 events	 was	 collected	 at	 approximately	 weekly	 inter-
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the	 acidic	 molybdate–	ascorbic	 acid	 method	 of	 Murphy	
and	Riley	 (1962).	Total	P	and	 total	dissolved	P	 in	runoff	
were	 determined	 on	 filtered	 and	 unfiltered	 samples,	 di-
gested	 with	 potassium	 persulphate	 and	 sulphuric	 acid	
(Eisenreich	 et	 al.,	 1975),	 and	 analysis	 of	 the	 digest	 was	
performed	as	per	Murphy	and	Riley	(1962).	Particulate	P	
(PP)	was	calculated	as	the	difference	between	TP	and	TDP,	






2007),	 both	 slurry	 fractions	 were	 then	 analysed	 as	 per	
Murphy	and	Riley	 (1962).	Soil	 samples	 (0–	75 mm)	were	
analysed	for	bicarbonate-	extractable	inorganic	P	(Olsen	P)	
according	to	the	method	of	Olsen	et	al.	(1954).
2.2	 |	 Statistical analysis
One	composite	 sample	was	collected	 for	each	simulated	
runoff	event,	and	this	represented	a	weighted	mean	con-











fect	 of	 time,	 treatment	 and	 time-	by-	treatment	 interac-
tion	was	assessed	by	the	Wald	statistic.	REML	accounted	
for	missing	values	 in	the	data;	as	a	result,	 the	treatment	
means	 listed	 in	 the	 statistical	 tables	 differ	 slightly	 from	
the	graphed	treatment	means	derived	arithmetically.	All	
statistics	 were	 performed	 in	 Genstat	 version	 6  software	
(2008;	VSN	International	Ltd.).
2.3	 |	 Data modelling
The	SurPhos	Model	v	1.0	(Surface	Phosphorus	and	Runoff	
Model;	 Vadas,	 2009)	 was	 used	 to	 predict	 P	 in	 runoff.	




The	 model	 was	 run	 for	 the	 50-	day	 experiment	 to	 in-




content	 (21.0%),	 soil	 organic	 matter	 content	 (12%),	 bulk	





events,	 average	 daily	 rainfall	 and	 average	 daily	 air	 tem-
perature.	The	model	was	also	run	with	natural	runoff	that	









3 	 | 	 RESULTS
3.1	 |	 The effect of increasing the time 
interval between slurry application and the 
first rainstorm event on P concentrations 
in runoff
Increasing	 the	 time	 between	 slurry	 application	 and	 the	































Runoff day (days post slurry application)
2 4 10 18 30 49
Manure Control























on	 day	 10	 do	 not	 show	 a	 difference	 between	 slurry	 and	














For	 example,	 TP	 in	 runoff	 from	 the	 slurry	 plots	 2  days	




in	 a	 non-	linear	 decrease	 of	 P	 in	 runoff.	 DRP	 concentra-
tions	were	highest	during	the	first	rainstorm	event	on	day	
2	 and	 reduced	 steadily	 thereafter	 with	 subsequent	 first	
rainstorms	following	slurry	application.
3.2	 |	 Influence of natural rainfall prior 
















3.3	 |	 Predictions of runoff P by SurPhos
There	are	three	inputs	to	the	SurPhos	model,	average	daily	





Runoff day (days after slurry application)
2 4 10 18 30 49
mg L−1
TP 1.3%	P	slurry 5.9 3.9 2.6 2.1 1.2 1.3
Control 1.1 1.7 0.1 0.5 1.2 0.7
SEMa	 0.2 0.1 0.1 0.1
Ʃ2b	 <0.01 <0.01 NS <0.01 NS <0.05
DRP 1.3%	P	slurry 4.8 2.5 2.1 1.5 0.7 0.9
Control 0.9 0.9 0.1 0.3 0.6 0.6
SEMa	 0.2 0.2 0.1
Ʃ2 <0.05 <0.05 NS <0.01 NS NS
aStandard	error	of	the	mean.
bChi-	square	distribution.
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Daily	 rainfall	 totals	and	air	 temperatures	 for	 the	experi-













rain	 ratios	 and	 dissolved	 reactive	 P	 concentrations.	 For	
example,	 low	 runoff-	to-	rain	 ratios	 resulted	 in	 both	 low	
and	high	P	concentrations.	Despite	this,	SurPhos	was	able	






with	 preceding	 natural	 runoff	 events	 included	 as	 inputs	
to	 the	 model.	The	 correlation	 coefficient	 does	 not	 differ	
greatly	(R2 = .89	and	.85,	RMSE = .56	and	.64)	as	a	result	
of	adding	natural	runoff	data.	Results	of	a	 two-	sample	 t	
test	 (Table	 3)	 indicate	 there	 is	 no	 significant	 difference	
between	 SurPhos	 predicted	 dissolved	 reactive	 P	 concen-
trations	from	simulated	rainstorm	events	with	or	without	
natural	runoff.
3.4	 |	 SurPhos model
The	 SurPhos	 model	 output	 can	 be	 used	 to	 understand	
the	dynamics	controlling	slurry	P	characteristics	and	dis-
solved	 P	 concentrations	 in	 runoff.	 Figure	 7  shows	 the	
combined	 impact	 of	 the	 decomposition,	 mineralization	
and	bioturbation	processes	in	the	model	on	slurry	P	frac-








25	 (Figure	 7),	 as	 noted	 in	 Figure	 3	 in	 dissolved	 reactive	
phosphorus	 concentrations.	 This	 is	 evidence	 for	 the	 el-
evated	P	concentrations	in	runoff	following	the	defined	P	
signal.




4 	 | 	 DISCUSSION
In	the	current	study,	the	length	of	the	P	signal	in	runoff	






















TP Timea	 7.5 5 1.5 NS
Slurryb	 8.3 1 8.3 <0.01
Time	x	slurry 5.8 5 1.2 NS
DRP Time 8.4 5 1.7 NS
Slurry 10.0 1 10.0 <0.01




T A B L E  2 	 Results	of	Wald	tests	
for	fixed	effects	on	concentrations	of	
phosphorus	fractions	in	runoff
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y = -1.5ln(x) + 6.5
R2 = 0.8
y = -1.2ln(x) + 5.0
R2 = 0.8
y = -0.2ln(x) + 1.0
R2 = 0.6






















Runoff day (days post slurry application)
TP DRP PP DUP
Log. (TP) Log. (DRP) Log. (PP) Log. (DUP)
y = -0.1ln(x) + 1.2
R2 = 0.1
y = -0.1ln(x) + 0.9
R2 = 0.3
y = -0.2ln(x) + 1.0
R2 = 0.3
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Runoff day (days post slurry application)
Manure - simulated runoff Control - simulated runoff
Manure - natural runoff Control - natural runoff





























In	 Ireland,	 there	 is	 a	 lack	 of	 studies	 on	 the	 effect	 of	
rainfall	timing	on	runoff	P	loss.	A	study	investigating	the	
seasonal	effect	of	runoff	P	following	dairy	slurry	with	var-













y = 4.11ln(x) + 1.06
R2 = 0.93




























Runoff day (days post slurry application)
Manure Control
Log. (Manure) Log. (Control)













Rainfall (mm) Air Temperature (°C) Volumetric soil water content (%)
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
8 |   O’ROURKE et al.
splash	 plate	 method	 resulted	 in	 higher	 initial	 P	 concen-
trations	on	day	2	(>1.5	fold	the	DRP	concentrations	from	




immediate	 rainfall	 is	 avoided	 for	 up	 to	 two	 days,	 slurry	
remains	 on	 the	 plot	 and	 there	 is	 a	 reduction	 in	 the	 risk	
of	runoff	P	loss	over	time	(Figures	1	and	8).	The	current	
guidelines	 on	 when	 to	 apply	 slurry	 do	 not	 convey	 this	
risk	 and	 are	 therefore	 not	 adequately	 communicating	
to	 farmers	 that	 P	 may	 continue	 to	 be	 lost	 from	 fields	 to	
watercourses	 beyond	 two	 days.	 Furthermore,	 research	













than	 the	 simulated	 event	 at	 the	 end	 of	 the	 experiment	
with	a	rainstorm	at	day	49.	This	spike	in	P	concentrations	







SurPhos	 simulates	 decomposition,	 mineralization	 and	















to	 runoff	 prior	 to	 the	 timed	 simulated	 events.	 Overall,	 P	
concentrations	in	natural	runoff	were	low	compared	with	
the	simulated	storm	events	 (Figure	3)	early	 in	 the	experi-
ment	despite	more	rainfall	(Figure	5).
The	 slurry	 P	 components	 predicted	 by	 the	 SurPhos	
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Measured DRP (mg L-1)
Measured DRP (mg L-1)
(a)
(b)
T A B L E  3 	 Results	of	two-	sample	t	test	comparing	SurPhos	
model	predictions	of	dissolved	reactive	P	based	on	(a)	simulated	
runoff	and	(b)	simulated	and	natural	runoff
Runoff Mean Stdev t (24) p
(a)	Simulated
Measured 1.80 1.70 2.07 .66
Predicted 1.75 1.59
(b)	Simulated	and	natural
Measured 1.80 1.70 2.07 .84
Predicted 1.83 1.49




olated	 to	 study	different	weather	scenarios	 to	define	 the	
length	of	the	runoff	P	risk	period	following	slurry	P	appli-
cations	 in	Ireland.	Combined	with	a	recent	regional	soil	




reduce	 P	 loss	 from	 farms,	 particularly	 in	 the	 context	 of	
climate-	smart	P	management.
5 	 | 	 CONCLUSION
This	study	investigated	the	impact	of	increasing	the	num-
ber	of	days	between	the	application	of	dairy	slurry	and	the	





model	 was	 successfully	 used	 to	 predict	 dissolved	 reac-
tive	P	concentrations	in	runoff	despite	variable	runoff-	to-	
rainfall	 characteristics.	 Adding	 preceding	 natural	 runoff	
as	an	input	to	the	SurPhos	model	did	not	adversely	affect	
the	 models’	 ability	 to	 predict	 runoff	 P	 concentrations.	
The	modelled	slurry	P	dynamics	were	used	to	understand	
the	 risk	 period	 for	 elevated	 P	 concentrations	 in	 runoff.	
Utilizing	 these	 experimental	 data	 in	 SurPhos	 modelling	
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